Abstract-A near field three-dimensional (3-D) synthetic-aperture radar (SAR) algorithm specially tailored for cylindrical and spherical scanning geometries is presented. An imaging system with 3-D capability can be implemented by using a stepped-frequency radar which synthesizes a two-dimensional (2-D) aperture. Typical scanning geometries commonly used are planar, cylindrical, and spherical. The 3-D range migration algorithm (RMA) can be readily used with a planar scanning geometry. This algorithm is extremely accurate, preserves the phase, and corrects for the wavefront curvature. The RMA cannot be directly applied with nonplanar scanning geometries. However, as an alternative solution, we propose to backpropagate the backscattered data onto a planar aperture in the vicinity of the measurement aperture and then apply the 3-D RMA. The proposed imaging algorithm is validated both numerically and experimentally.
I. INTRODUCTION

R ECENTLY a three-dimensional (3-D) imaging technique
based on the range migration algorithm (RMA) has been formulated [1] . As an input, this algorithm requires frequency domain backscatter data acquired on a two-dimensional (2-D) planar aperture. The 3-D RMA cannot be directly applied with cylindrical and spherical scanning geometries. For these scanning geometries, however, as an alternative solution, we propose to backpropagate the backscattered data onto a planar aperture and then apply the 3-D RMA.
The proposed backpropagation technique of the frequency domain backscatter data is based on the so-called "radiating reflectors" model [2] . Note that the RMA itself originates from geophysics, therefore, its validity when applied to synthetic aperture radar (SAR) is also based on the "radiating reflectors" model. In this model, the scatterers are assumed to radiate simultaneously a wavefield which propagates at a velocity that is one half of the true value. Under this assumption, the backscattered fields can be approximated as a solution of the 3-D Helmholtz equation. Consequently, field translations techniques used in antenna measurements (e.g., near field to far-field transformations of an antenna pattern) can be adapted to translate the backscattered fields. Here these field translations are applied to obtain the backscattered fields that J. M. Lopez-Sanchez is with the Departamento de Física, Ingeniería de Sistemas y Teoría de la Señal (DFISTS), Universidad de Alicante, 03080 Alicante, Spain (e-mail: juanma@disc.ua.es).
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would have been measured on a planar aperture from those actually measured on a cylindrical or spherical aperture. An assessment of the accuracy and validity range of the translation of 2-D backscattered fields is presented in the Appendix. Assuming the validity of the "radiating reflectors" model, the translation of the backscattered fields works as follows. First, we calculate the modal coefficients or harmonics amplitudes of the measured backscatter data. The type of basis functions will depend on the geometry of the aperture. The basis functions associated with the cylindrical and spherical apertures are the so called cylindrical and spherical harmonics, respectively. The modal coefficients are determined by matching the backscattered fields on the measured aperture. Once those coefficients are known, the modal expansion is then evaluated on a planar surface in the vicinity of the measured aperture. At that stage, the RMA can be readily applied to the translated fields provided they are properly sampled on a planar aperture. Note, that in case of a full polarimetric measurement, the field translation needs to be applied separately for each polarization.
It is important to note that, due to practical limitations, the measurement aperture will enclose the target only partially and therefore the validity region of this extrapolation will in practice be limited. In fact, we calculate the modal coefficients assuming that the backscattered fields vanish outside the measurement aperture. This means that the further we backpropagate the backscattered field, the higher will be the truncation errors in the estimation of the translated fields. The mitigation of these truncation errors is an important topic of current research in the field of antenna measurements.
The RMA algorithm, as all SAR algorithms, is based on a linearization of the electromagnetic wave scattering problem. This means that the interaction between the scatterers present in the scene is totally neglected. There are a number of microwave and acousting imaging algorithms developed in the field of linearized inverse scattering (i.e., under the Born approximation), which provide alternative solutions to this problem [3] , [4] . An example of a nonlinear 3-D imaging algorithm dealing with the inverse scattering problem is reported in [5] .
In this paper, we propose an imaging technique based on the 3-D RMA, which can be used with cylindrical and spherical apertures. This is the first attempt known to the authors to use the 3-D RMA with a nonplanar scanning geometry. The material is organized as follows. Section II gives a brief overview of the 3-D RMA algorithm. Then, Sections III and IV illustrate the measurement geometries, formulation, and implementation of the extension of the 3-D RMA to cylindrical and spherical scanning geometries, respectively. In Section V we present some numerical simulations. In Section VI we describe the experimental 0018-926X/01$10.00 © 2001 IEEE results which validate this technique. Finally, some drawn conclusions are discussed in Section VII.
II. PLANAR SCANNING GEOMETRY
The 3-D RMA can be formulated according to the geometry depicted in Fig. 1 , where the aperture is synthesized on a planar surface parallel to the plane at a distance from the origin. Note that, in order to adapt the notation to a cylindrical geometry, and (and consequently and ) have been swapped with respect to the notation presented in [1] . With this set-up, the backscattered fields originated by a point scatterer are (1) where it is assumed that the scatterer is located at , is the reflectivity, and is the range to the point scatterer (2) A TX/RX antenna located at acquires the backscattered fields at points forming a rectangular grid with uniform spacings in the horizontal and vertical cross-range directions, respectively. At each antenna position the synthesized frequency bandwidth is . Thus, the acquired backscatter data are function of two spatial coordinates and the working frequency, with denoting the frequency wavenumber.
The reflectivity image obtained by means of the RMA can be expressed as (3) This equation indicates that the formation of the reflectivity image is straightforward. We simply need to compute the 3-D inverse fast Fourier transform (FFT) of the product of the resampled wavenumber domain backscatter data by a complex exponential or matched filter. Further details of the implementation of the 3-D RMA are reported in [1] .
What follows is a description of the field translations that have been applied to obtain the backscattered fields that would have been measured on a planar aperture from those actually measured on a cylindrical or spherical aperture. The formulation associated with the field translation is based on the wave equation in its scalar form. We make use of the "radiating reflectors" model in order to extend the validity of the Helmholtz equation to the backscattered fields. The backpropagation of the backscatter data onto a planar aperture for the cylindrical and spherical scanning geometries are illustrated in Figs. 2 and 3, respectively.
III. CYLINDRICAL SCANNING GEOMETRY
A TX/RX antenna synthesizes a cylindrical aperture of radius . The aperture is uniformly sampled both in the and the directions within the ranges and . At each antenna position the synthesized frequency bandwidth is . The target is assumed to be centered at the origin of the coordinates system. The axis of the cylindrical aperture coincides with the -axis.
A. Fields Translation
We assume that the measured backscattered fields are a solution of the 3-D scalar Helmholtz equation. Thus, the general solution of this equation can be expanded into a sum of cylindrical harmonics as follows [6] : (4) where
Hankel function of second kind and integer order ; amplitudes of the cylindrical harmonics; , wavenumbers along and , respectively. These two wavenumbers are related with the frequency wavenumber through this equation (5) In practice the two summations in (4) will be always truncated at the limits and . The maximum value of depends on the radius of the minimum cylinder, concentric with the cylindrical aperture that encloses entirely the target. If the radius of this minimum cylinder is , the following empirical rule gives a value for (6) where the square brackets denote the integer part of the number in between, and is an integer which depends on the accuracy required. The maximum value of is fixed by the sampling rate of the measurement data along the direction (i.e., ). In order to translate the fields to the planar aperture we first need to calculate the coefficients of the modal expansion . The modal expansion of (4) can also be seen as a 2-D Fourier series and, therefore, one can calculate the coefficients as follows: (7) In practice these coefficients are evaluated via a 2-D FFT of the measured backscatter data. Once the coefficients of the modal expansion are calculated, then the fields can be translated to the planar aperture. Further details on the implementation of the fields translation are given in [7] .
Concerning the position and dimensions of the planar aperture; since it has to be as close as possible to the measurement cylinder, we choose the coordinates of the corners of the planar aperture as follows: (8) 
B. Sampling Criteria and Resolution
The number of samples on the planar aperture will be fixed by the electrical dimensions of the target. Assuming the target is confined within a cube of dimensions and the acquired backscatter data are calibrated with a canonical target placed at the origin of the coordinates system, the sampling intervals needed to satisfy the Nyquist criterion are (9) (10) (11) where denotes the wavelength at the maximum working frequency. As expected, the required sampling rates increase with increasing electrical dimensions of the object.
Once the backscattered fields are translated to the planar aperture respecting the sampling criteria in [1, eqs. (15)- (17)], the formation of the 3-D reflectivity image becomes straightforward. We simply need to apply the RMA to the translated fields on the planar aperture. The resolutions in the resulting 3-D reflectivity image depend on the frequency bandwidth, the center frequency, and the dimensions of the synthetic aperture. The resulting resolutions are given by (12) (13) (14) where is the length of the 2-D synthetic aperture in the -direction, and is the wavelength at the center frequency . In practice, the frequency domain backscatter data are windowed to lower the sidelobes in the imagery and as a result, the final resolutions are usually slightly poorer than those given by (12)-(14). 
IV. SPHERICAL APERTURE
The field translation from a spherical to a planar aperture is conceptually identical to that of the cylindrical case. Further details on the practical implementation are given in [7] . The only differences appear as a consequence of the different coordinates system employed in the formulation, which now is spherical. As in the cylindrical case, the measured backscattered fields are assumed to be a solution of the 3-D scalar Helmholtz equation.
A. Fields Translation
The frequency domain backscatter data are assumed to be acquired on the surface of a sphere with uniform sampling both in the azimuth and elevation angles within the ranges and . The radius of the measurement sphere is .
The general solution of the scalar Helmholtz equation can be expanded into a sum of spherical harmonics as follows [6] : (15) where is the spherical Hankel function of second kind and integer order , and denotes the normalized associate Legendre function of first kind which is defined as (16) is an even function of (17) and, therefore, we will consider that takes only positive values. As suggested in [8] , we have extracted a factor from the coefficients in order to simplify its evaluation.
As in any modal expansion, the summations will be always truncated at . The value of will be fixed by the radius of the minimum sphere, concentric with the measurement sphere, that encloses entirely the target [8] . If the radius of the minimum sphere is , the value of is given by (18) where is fixed depending on the accuracy required. The calculation of the modal coefficients is performed in a similar way to that described in [8, Ch. 4] . Only a few modifications have been introduced in order to apply this technique to the scalar wave equation instead of the vector one. The method is based on the exploitation of orthogonality properties of both the exponential functions and the associate Legendre functions. As in the cylindrical case, the computation can be efficiently implemented via FFT codes. However, the computational cost of this solution is slightly higher than that with the cylindrical aperture. Once the coefficients of this modal expansion are derived, then the field can be translated to a planar aperture in the vicinity of the spherical aperture.
In relation to the position and dimension of the planar aperture, we have chosen the largest rectangular aperture within the trapezoid defined by the following four points:
B. Sampling Criteria and Resolution
Assuming the target is confined within a cube of dimensions and the acquired data are calibrated with a canonical target placed at the origin of the coordinates system, the sampling intervals needed to satisfy the Nyquist criterion can be expressed as follows:
where denote the wavelength at the maximum working frequency. The resolutions in the resulting 3-D reflectivity image depend on the frequency bandwidth, the center frequency, and the dimensions of the synthetic aperture in the following form: The range of validity and accuracy of the translation of 2-D backscattered fields are assessed in the Appendix. Here we present an example of the fields translation from the cylindrical to the planar aperture. The translated fields have been compared with those that would be measured on the planar aperture (i.e., the exact ones). Fig. 5 shows the modulus and the phase of the exact and translated fields along three linear cuts on the planar aperture: a line on the vertical plane m; a horizontal line at the center of the aperture; and, a second horizontal line close to the upper edge of the aperture. It can be observed that the agreement between the translated fields and the exact ones is excellent. Surprisingly, the accuracy in the phase is higher than that in the modulus. This result indicates that the distortion introduced in the imagery due to the field translation will be minimum. As expected, the minor discrepancies in the phase correspond to points where the modulus is small. Note, that the higher errors observed close to the edges of the aperture will be mitigated after windowing the translated data on the planar aperture. Finally, it can be seen that the two horizontal cuts are symmetric with respect to the center, whereas those on the vertical plane m are asymmetric. This is due to the oblique incidence used in the simulation. Similar results have been obtained in the spherical case, but they are not shown here due to space constraints. Fig. 6 shows the 3-D reflectivity image of the ensemble of 27 point scatterers used in the numerical validation of the fields translation. The image has been reconstructed inside a cube of side 1.2 m. The image has a total of voxel. A Kaiser-Bessel ( ) window [9] has been applied along the three dimensions of the frequency domain backscatter data. The displayed dynamic range is 30 dB. The image shows varying impulse responses for points in the near and far range due to the near field condition. Even though all the scatterers are imaged at their actual positions and the reflectivities are in agreement with the expected ones. The data processing was performed on a Sun workstation with a 64-bit CPU and 128 MB of RAM. The total processing time was approximately 3 min. breakdown of the computation time for gaining an insight about the complexity of each processing step. Both the equalization and the coordinates transformation are optional steps, so they are not considered in the total computation time. Note, that the translation to the planar aperture entails less than a third of the total elapsed time. The internal memory required in this simulation was about 11 MB.
The RMA exhibits a dynamic range better than 80 dB when used with a planar-scanning geometry [1] . In practice this means that the actual dynamic range of the images will be limited by the system noise. A second simulation to assess the dynamic range achieved with the cylindrical scanning geometry was carried out. The radius of the aperture is again 2 m. The region occupied by the aperture is now and m. The sampling steps in the and -directions are 1 and 2 cm, respectively. The frequency ranges from 2 to 6 GHz, sampling a total of 41 points. The target used consists of three parallel planes as the one displayed in Fig. 7(a) , uniformly spaced 50 cm in the ground-range direction or -axis. On each plane there are 9-point targets with reflectivities ranging from 0 to 80 dBsm. The number of cylindrical modes used in the fields translation is 251. A four terms Blackman-Harris window (i.e., with sidelobes below 92 dB) [9] has been applied along the three dimensions of the frequency-domain backscatter data. Fig. 7(b) shows a vertical slice corresponding to the central plane. The displayed dynamic range is 100 dB. It can be seen that, in this example, the distortion introduced by the fields translation is totally negligible.
The last numerical simulation has been performed using a spherical aperture. The target is that in Fig. 6 . The TX/RX antenna now synthesizes an spherical aperture with radius 2 m. The angular ranges in azimuth and elevation are and , respectively. The corresponding angular steps are both 1 . As in the previous simulation, the frequency ranges from 2 to 6 GHz with a step of 100 MHz. The number of spherical modes used in the fields translation is 213. The resulting 3-D reflectivity image is shown in Fig. 8 . The image has a total of voxel. A Kaiser-Bessel ( ) window [9] has been applied along the three dimensions of the frequency-domain backscatter data. The displayed dynamic range is 30 dB. It can be observed that the quality of the image is remarkable, thus, demonstrating the validity of the presented technique. As predicted, the computational load associated with the translation is higher than that in the cylindrical case.
VI. EXPERIMENTAL RESULTS
The experimental validation of this algorithm has been performed at the European Microwave Signature Laboratory [10] (EMSL), an indoor facility at JRC Ispra, Italy. The overall structure of the anechoic chamber is formed by the conjunction of a hemispherical and a cylindrical part, both with radius 10 m. In the gap between the two parts, a circular rail is mounted where two sleds carrying the antennas can move independently. The distance between the antennas and the EMSL focal point is 9.56 m. In this experiment, the target is placed at the focal point of the anechoic chamber. Then, it is displaced along the cross-range direction, whereas the antennas are moved along the circular rail. Thus, the antennas synthesize a cylindrical aperture.
A sketch of the target is depicted in Fig. 9 and a photograph is also shown in Fig. 10 . The target consists of an arrangement of metallic spheres and trihedrals. The spheres have a diameter of 7.62 cm. There are two pairs of trihedrals reflectors The high quality of the reconstructed images confirms the accuracy of the proposed algorithm with a cylindrical scanning geometry. It is important to observe that all the spheres are clearly distinguishable on the three main projection planes with resolutions in agreement with the expected ones. On the other hand, the trihedrals exhibit a composite response: a high peak centered at the trihedral phase center and the backscatter due to the diffraction on the front edges. The peak value associated with the phase center is identical in the two polarizations. Instead, the edges are highly polarization dependent as a function of their orientations. As an example, the HH images show horizontal segments with high reflectivity for all the trihedrals, whereas the other two edges of the front triangle do not appear. Moreover, the upper peak of the two large trihedrals is also present in the HH images. The horizontal edges have disappeared in the VV images, but the other edges are present now. Note that both edges of the trihedrals can be distinguished in the two large trihedrals, but only the external one is evident for the small trihedrals. The images are also accurate from the quantitative point of view. The retrieved RCS for the spheres and the trihedrals are in agreement with the expected ones at the center frequency [11] . The spheres show an RCS of about 23 dBsm and the trihedrals have 6.6 dBsm for the large ones and 0.3 dBsm for the small ones. The total processing time was only 1 h. The part corresponding to the field translation entailed 40 min and the RMA processing the remaining 20 min. 
VII. CONCLUSION
A near field 3-D SAR algorithm specially tailored for cylindrical and spherical scanning geometries was presented. The algorithm is split into two parts. The frequency domain backscatter data are first translated to a planar aperture in the vicinity of the measurement aperture. Then the 3-D RMA is applied. Results show that the presented backpropagation technique does not entail a dramatic increase in the computational burden. Furthermore, the proposed field translation does not degrade the quality of the imagery. The dynamic range of the images is shown to be better than 80 dB. A result which indicates that the quality of the images is basically identical to that obtained with the 3-D RMA without the field translation.
The accuracy of the translation of 3-D backscattered fields using the "radiating reflectors" model is currently being assessed and will be the topic of a future paper.
APPENDIX ACCURACY OF THE TRANSLATION OF 2-D BACKSCATTERED FIELDS
We consider an ensemble of identical-line scatterers, parallel to the -axis, randomly distributed inside a cylinder of radius , as shown in Fig. 12 . For the sake of simplicity, all line scatterers are assumed to show the same reflectivity and that is equal to one. Provided we can neglect the interaction between the line scatterers; the backscattered fields on the surface of a cylinder with radius (with ) take the form (26) with , where denotes the frequency wavenumber, is the working frequency, is the speed of light, is the zeroth order Hankel function of second kind, and are the cylindrical coordinates of the line scatterer th. The fields given by (26) will be considered as the reference in the calculation of the error introduced in the fields translation.
At this point we make use of the model of the "radiating reflectors." If the line scatterers are assumed to radiate simultaneously a wavefield that propagates at a velocity which is one half of the true value, then we can approximate the backscattered fields as a solution of the 2-D Helmholtz equation. Thus, the backscattered fields on the surface of the cylinder of radius can alternatively be expressed as (27) In practice the summation in (27) will be always truncated at the limit . The value of depends on the radius of the minimum cylinder that encloses entirely the ensemble of line scatterers as follows:
where the square brackets denote the integer part of the number in between and is an integer which depends on the accuracy required.
An estimate for the error introduced by the translation of 2-D backscattered fields has been obtained as follows. First, we calculate the exact backscattered fields given by (26) on the surface of a cylinder of radius , at a number of azimuth angles , high enough to satisfy the Nyquist criterion (i.e., such that ). These fields are then used to obtain the amplitudes of the cylindrical modes in (27) . Note that these amplitudes can be readily calculated by means of a discrete Fourier transform (DFT) as follows: (29) with , and . Once the amplitudes of the cylindrical modes are known we can translate the field to the surface of a concentric cylinder of radius , with . The translated fields are given by
The amplitude factor is introduced to correct for the additional one-way propagation path not taken into account in the model.
The error introduced by the proposed field translation technique can be simply obtained as the difference between the exact backscattered fields, calculated by means of (26), and those given by (30). We define the translation error as follows: (31) As an example, Fig. 13 shows the fields translation error for an ensemble of line scatterers enclosed in a cylinder of radius m at the frequencies of 2, 6, 10, and 14 GHz. The considered radius of the measurement cylinders are , 10, and 15 m. The corresponding radius where the fields have been translated range from to (i.e., we translate the fields both in the forward and backward direction). As expected, the translation error increases with a increasing distance from the measurement cylinder . It is important to note that the magnitude of the error seems to be almost independent of the frequency. Further, the translation error in the backward direction is higher than that in the forward direction. As an example, with a measurement cylinder the radius used in the experimental validation, the error within the range of from 8 to 12 m is well below 1.5%, which is in practice negligible. 
